Abstract. Statistically based iterative algorithms such as maximum likelihood-expectation maximization (ML-EM) are used for image reconstruction in single photon emission computed tomography (SPECT). Unmatched projector/backprojector pairs are sometimes used to accelerate the iteration process in the reconstruction algorithm. In this work, we propose and explore the use of an unmatched projector/backprojector pair for demultiplexing in multipinhole SPECT. Several simulations are conducted to evaluate the performance of the proposed method with uniform, hot-rod, and cold-rod phantoms. The proposed method incorporates an unmatched backprojector to utilize selective multiplexed projection data in reconstruction algorithms, while the projector is modeled as accurately as possible to represent realistic imaging geometry and the physical effects of multipinhole SPECT. The root mean square (rms) error and backprojection speed are evaluated to determine an unmatched backprojector. Our results demonstrate that the proposed method provides high-quality multipinhole SPECT images without multiplexing-related artifacts when a well-chosen unmatched backprojector is used. C 2010 Society of Photo-Optical Instrumentation Engineers.
Introduction
High-resolution pinhole single photon emission computed tomography (SPECT) is a promising potential molecular imaging modality for preclinical and clinical studies. However, conventional single-pinhole systems suffer from poor sensitivity due to the inferior geometric efficiency of highresolution collimators. [1] [2] [3] [4] Coded aperture techniques as an alternative to parallel-hole collimators were developed to improve sensitivity and spatial resolution. 5, 6 Because this imaging technique could produce the near-field artifacts caused by the uniformly redundant array decoding process, coding patterns and decoding methods were investigated to minimize the artifacts. 7, 8 Recently, the development of multipinhole SPECT has drawn considerable interests, as it has the potential to increase sensitivity without degrading spatial resolution. [9] [10] [11] [12] [13] [14] [15] [16] [17] Several systems that employ a multipinhole collimator have been investigated, and these systems demonstrated superior performance for in-vivo imaging in small animal models. [9] [10] [11] However, the pinholes of these collimators covered only a small field of view (FOV) and generated multiplexed projections. Some stationary systems with nonmultiplexed projections have also been proposed for use in small animal imaging. 12, 18 Such systems are capable of resolving submillimeter details of tracer uptake and allow assessments of tracer dynamics in the organs of living mice. These multipinhole collimators provide excellent resolution and sensitivity compared to single-pinhole and parallel-hole collimators, but they employ conventional gamma cameras with relatively poor intrinsic spatial resolutions of 3 to 4 mm, and therefore require large amounts of magnification. In a previous study, we presented a novel multipinhole collimator with vertical lead septa designed to simultaneously improve resolution and sensitivity. 19 Special pinhole arrangements were need for matching patterns in coded aperture, 20 while the proposed multipinhole collimation method had no limitation of pinhole arrangements. The collimator was coupled to a high-resolution detector with submillimeter intrinsic spatial resolution using an array of silicon drift detectors (SDDs). 21, 22 The combination of multipinhole collimators coupled to high-resolution detectors could make it possible to design compact detectors that do not require large amounts of magnification. Moreover, the multipinhole collimation provided better reconstructed image quality than lowenergy high-resolution (LEHR) collimation when reduced numbers of angular projections were applied. 19 Therefore, multipinhole collimation might be applicable to the development of a stationary SPECT, or a system characterized by relatively less degrees of gantry motion. Multiplexing through different pinholes can cause complicated problems in image reconstruction. 10, 12, 23, 24 In our previous study, we proposed the use of vertical lead septa to eliminate ambiguity of projection data by preventing the data from multiplexing through different pinholes. 19 However, if the intrinsic spatial resolution of the detector is too low, the septa boundaries themselves cause multiplexing artifacts. For instance, when using SDD detectors with submillimeter resolution, 1-mm lead septa are thick enough to eliminate multiplexing-related artifacts. For conventional gamma cameras with intrinsic spatial resolutions of 3 to 4 mm, much thicker lead septa are required to avoid artifacts at the septa boundaries, but this is not desirable, because the use of thick septa leads to substantial loss of sensitivity.
The aim of this work was to develop a demultiplexing algorithm to eliminate artifacts at septa boundaries when detectors with poor intrinsic spatial resolution are combined with multipinhole collimators. We used the maximum likelihood-expectation maximization (ML-EM) algorithm for image reconstruction. This algorithm includes unmatched backprojection steps and incorporates weighting factors that are determined according to the degree of multiplexing. Our demultiplexing ML-EM algorithm with an unmatched projector/backprojector pair could refine the multipinhole collimation method without constraining detector specifications. The use of an unmatched projector/backprojector pair in ML-EM was previously proposed to speed up SPECT image reconstruction obtained with parallel-hole SPECT collimators. 25 In the present study, the use of an unmatched backprojector allows us to select projection data that are not contaminated by multiplexing artifacts caused by detector blurring effects during reconstruction. Several simulations were conducted to evaluate the performance of our proposed method. A Monte Carlo simulation tool, the Geant4 Application for Tomographic Emission (GATE), 26 was used to generate multiplexed projections using a multipinhole collimator.
Theoretical Background
Here, we assume that multipinhole SPECT acquires projection data for an object by rotating in a circular orbit.
Multiplexing in Multipinhole Collimators with
Vertical Lead Septa In our previous study, we demonstrated that as the number of pinholes increases, sensitivity improves and plateaus at about 80 pinholes in a nonoverlapping design achieved by using 1-mm-thick vertical lead septa. 19 Although multipinhole collimators with 9×9 pinhole arrays, 2-mm-diam pinholes, and a focal length of 40 mm were investigated in a previous simulation study, 19 a multipinhole collimator with 1×11 pinhole arrays (which could be applicable to field of view extension as shown in Fig. 1 ) was used to explain the reason for the multiplexing related artifacts in the present study. Since conventional detectors employ a NaI(Tl) crystal encapsulated in aluminum, a gap of 1 mm was assumed between the lead septa and the conventional detector for practical system design.
The degree of multiplexing that occurs depends on various factors such as detector blurring, acceptance angle, linear attenuation, number of pinholes, and placement of pinholes. The vertical lead septa, however, only reduce the effects of multiplexing through different pinholes in projection data, and could not completely prevent multiplexing at the septa boundaries unless the lead septa are very thick. We assumed that the probability of detecting a single scintillation event follows a Gaussian distribution, 26 and measured detector blurring by the full width at half maximum (FWHM) of the Gaussian distribution to assess intrinsic spatial resolution. The acceptance angle was determined by the shape of the pinhole, the length and thickness of the lead septa, and by the pinhole-to-scintillator distance. The linear attenuation of the scintillation crystal assumes that the transmission probability of the gamma ray after traveling d-distance inside the scintillation crystal follows an exponential distribution. Due to these factors, much thicker lead septa than expected are required to prevent most multiplexing; for example, lead septa at least 5 mm thick are required for 140-keV γ imaging with 3-mm intrinsic spatial resolution. However, since the use of thicker lead septa has undesirable effects such as the loss of detection area, it is necessary to develop a reconstruction algorithm that makes it possible to avoid multiplexing errors and allows applicability to other multiplexed projection.
Image Reconstruction
We assume that the phantom image f consists of N z slices of 2-D images with N×N voxels in the rectangular coordinates, and that the detector has N r ×N c projection bins, where projections are observed in equally spaced N μ angles over [0, 2π ] . Thus, projection data Y consists of N θ stacks of 2-D images of size N r ×N c . In this work, we use v and b , without specifying the range of indices, to indicate the summations over all voxels and all projection bins, respectively.
Let N p be the number of pinholes and Y i be the projection data by the i'th pinhole. Then the projection data Y by all pinholes satisfies
Let P i be the system matrix that specifies the relationship between activity values f v at the voxel v and projection Y i b at the bin b through the i'th pinhole, i.e.,
Note that in the case of multiplexing, we use only the
Thus, the problem we must solve is not Eq. (1), but
where the system matrix P specifies P =
Once the system matrix P is obtained, reconstruction can be carried out using a variety of iterative methods, such as ML-EM 27 or ordered subset expectation maximization (OS-EM). 28 In this work, we perform all simulations with ML-EM, which takes the following iterations:
where f n and μ n b are the n'th approximation and the projection of f n , respectively. The system matrix entry P b,v can be viewed as the conditional probability:
Using this definition, we can compute P b,v through experiments with a real imaging system, 29 Monte Carlo simulations, 30 analytic determination, 31 or ray-tracing methods. 32 In this work, we computed the system matrix entries using the voxel-driven method, taking into account the effects of pinhole geometry, crystal blurring, and detector geometry. The generation of the system matrix requires considerable computation time and huge amounts of memory. We reduced the computation time and memory burden by utilizing the geometrical symmetry of projection data and the phantom image. . This is why multiplexing harms the backprojection step. If b 0 is a projection bin in which detection is obtainable through only one pinhole h 0 , as shown in Fig. 2(a) , then the backprojection step distributes the value at b 0 to voxels through just one pinhole h 0 . On the other hand, if b 1 is a projection bin in which detection is obtainable through two different pinholes h 1 and h 2 , as shown in Fig. 2(b) , then the backprojection distributes the intensity at b 1 to voxels along two paths. Both start from bin b 1 , but one passes the pinhole h 1 and the other passes the pinhole h 2 , and therefore voxels on one path are quite distant from those on the other path. This introduces deleterious artifacts into the backprojection and therefore the reconstruction.
Uniform Phantom Study to Characterize Artifacts
Caused by Multiplexing A software-generated uniform phantom of 108 mm diam and 1 mm thickness was used to investigate the influence of multiplexing on reconstruction. Here, we used the detector configuration described in Sec. 2.1, except that intrinsic spatial resolutions were varied (1 to 4 mm). Fig. 3(a) ], its projection image [ Fig. 3(b) ], and the line profile [ Fig. 3(c) ] of the center row of projection at a fixed angle by 11 pinholes arranged in a row. The computation was performed by the projection in Eq. (2) under the assumption that the intrinsic spatial resolution is 3 mm. This yielded noiseless projection data that was more effective for detecting the influence of multiplexing. Figure 3 illustrates some multiplexing in projections, and Fig. 4 shows images reconstructed by applying 50 ML-EM iterations, in which the intrinsic spatial resolutions were 1 to 4 mm, respectively. The ring artifacts in Fig. 4 are caused by multiplexing. To support this statement, let us assume that the observed projection data are obtained separately through 11 different pinholes. Figure 5(a) shows ideally nonmultiplexed projec- tions obtained through 11 different pinholes, and Fig. 5(b) shows the center row of the projection data through each pinhole in a single plot. Thus, the folded region in Fig. 5(b) represents the location where multiplexing occurs. Figure 6 shows images reconstructed using ML-EM as in Fig. 4 , but with ideally separated projection data Y i , i = 1, 2, . . . , N p (for definition, see Sec. 2.2), i.e., the iteration takes the form:
where f n is the n'th approximate. That is, we performed ML-EM reconstruction with ideally nonmultiplexed projection data. In Fig. 6 , ring artifacts were not observed. The locations and visibilities of ring artifacts could be dependent on the object size. The results in Fig. 7 support this hypothesis. Here, the same parameters were used as those employed to obtain Fig. 4 (c) (multiplexed projections with 3-mm intrinsic spatial resolution) except for the diameter of the uniform phantom. Based on the simulation results in Figs. 4, 6 and 7, the multiplexing at the ten locations [ Fig. 5(b) ] generates visible ring artifacts, because the corresponding backprojection distributes the multiplexed projection value to phantom positions participating in very different activities, such as the boundary and interior of the phantom.
Proposed Demultiplexing Method
In the previous section, we demonstrated that it is not possible to eliminate multiplexing using thin lead septa and conventional detectors with relatively poor intrinsic spatial resolution, and that ring artifacts are caused by multiplexing. We propose a demultiplexing method using ML-EM with an unmatched projector/backprojector pair based on the following basic reasoning: if some projection data are not reliable due to multiplexing, then it is better to use these data ony during the projection step and to ignore them during the backprojection step. To be more specific, we suggest the following iteration to reduce multiplexing-related artifacts:
Here we used W b,v , 0 ≤ W b,v ≤ 1 as a weighting factor to assess the reliability of the information obtained at the projection bin b while computing the contribution from the voxel v. The weighting factor W b,v depends on the degree of multiplexing at projection bin b. Figure 8 illustrates a way to assign weighting factors. We wish to set W b 0 ,v 0 = 1, because the information from bin b 0 is very reliable in the sense that all detected gamma rays at bin b 0 pass through only one pinhole h 0 and 0 < W b 1 ,v 1 < 1, since the gamma ray detected at bin b 1 is more likely to pass through pinhole h 0 than pinhole h 1 . The reason for assigning 0 < W b,v < 1 instead of 1 is to reduce the influence of contaminated information on the reconstruction. Note that the gamma ray from voxelṽ 1 can be detected at bin b 1 due to detector blurring or penetration effects, but the probability is very small. We can set W b 1 ,ṽ 1 = 0 to not use the multiplexed information at bin b 1 to the voxelṽ 1 in the backprojection. On the other hand, we can set W b 2 ,v 2 = 0 and W b 2 ,ṽ 2 = 1, even though the conditional probability of a gamma ray from voxelṽ 2 among gamma rays detected at the bin b 2 is much smaller than that of a gamma ray from the voxel v 2 , if the activity at all voxels v 2 are known to be zero.
In this work, we used a weighting factor W b,v such that the unmatched backprojector Q, defined by Q b,v = P b,v W b,v , represents a backprojection with thicker lead septa and less scintillation crystal blurring than those actually used in the projection step. The iterative algorithm can be rewritten in Eq. (6) as
This is a ML-EM algorithm with an unmatched projector P and backprojector Q pair.
Monte Carlo Simulation and Results
We conducted several simulations to evaluate the performance of the proposed ML-EM with an unmatched projector/backprojector pair. The Geant4 Application for Tomographic Emission (GATE), 26 a Monte Carlo simulation toolkit, was used to generate multiplexed projections using a multipinhole collimator.
Description of Simulated Multipinhole Detector
A multipinhole collimator having an 11×11 pinhole array with 2-mm-diam pinholes and a 40-mm focal length (between pinhole aperture and detector) was designed by Fig. 8 The assignment of weighting factors.
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December 2010/Vol. 49(12) 127004-5 expanding the pinhole configuration illustrated in Fig. 1 to 2-D multipinhole configurations. Parallax error is a potential critical performance-degrading factor for high-resolution detectors, 12 unlike conventional detectors in which the intrinsic spatial resolution can overwhelm parallax error. The multipinhole collimator used in this study was designed to have a smaller acceptance angle, thereby reducing parallax error for both high resolution and conventional detectors. In addition, collimator penetration is undesirable, because it degrades spatial resolution and contrast in planar and SPECT images. 4 A narrow acceptance angle (16 deg) was used to minimize collimator penetration by employing septa that blocked the penetrated gamma rays. The conventional detector module was designed with an 11×11-cm 2 active area. An intrinsic spatial resolution of 3-mm FWHM, which results in large amounts of multiplexing, was modeled to evaluate our proposed demultiplexing method described in Sec. 3.
Parameters for the Unmatched Backprojector
The projector was modeled using imaging geometry, the penetration of pinholes, and detector blurring for multipinhole reconstruction, while the backprojector was designed to exclude the multiplexed region in the projection data. Simulations were conducted to generate the various backprojectors by varying the intrinsic spatial resolutions of 0 to 3 mm and the lead septa thickness from 1 to 3 mm. The matched backprojector was modeled with 3-mm intrinsic spatial resolution and 1-mm lead septa thickness, while the unmatched projec- tors were modeled with different septa thickness and intrinsic spatial resolution instead of specifying the weighting factor.
A uniform cylindrical phantom of 108 mm diam and 108 mm thickness was simulated to evaluate different backprojectors. Figure 9 shows the relative position of the phantom and 11×11 multipinhole collimator. The distance between the center of the phantom and the pinhole aperture was 125 mm. A total of 64 projections with 5.625 deg increments were simulated over 360 deg. A projection image obtained with the cylindrical phantom and the line profile of the center raw is shown in Fig. 10 . Figure 11 shows the reconstructed images with a 10-tap biorthogonal wavelet filter and the line profiles drawn horizontally across the centers of the images obtained using different backprojectors, with varying intrinsic spatial resolution and lead septa thickness. A total of 64 projection counts were 7.8×10 6 counts. Although the reconstructed image [ Fig. 11(a) ] obtained using a matched backprojector . The root mean-square (rms) error and backprojection speed were improved when the unmatched backprojector was used ( Table 1 ). The unmatched backprojector modeled with 0-mm intrinsic spatial resolution (i.e., an ideal detector without blurring) and 3-mm lead septa thickness demonstrated better performance than the other unmatched backprojectors.
Hot-and Cold-Rod Phantom Studies
Simulations were performed with cylindrical hot-and coldrod phantoms of 121×121×108-mm 3 voxel size as shown in Fig. 12 . The phantoms were filled with Tc-99 m and had an outer diameter of 108 mm; the rod diameters in each of the six segments were 12, 10, 8, 7, 6, and 5 mm. The distance between the center of the phantom and the pinhole aperture was 125 mm. The same angular sampling data as outlined in the uniform phantom study before were acquired. Figure 13 shows images reconstructed using 64 projections acquired over 360 deg. The images were reconstructed using a 10-tap biorthogonal wavelet. A total of 64 projection counts using the hot-and cold-rod phantoms were 6.1×10 6 and 6.7×10 6 counts, respectively. The reconstructed images [Figs. 13(a) and 13(e)] using the conventional ML-EM algorithm with matched projector/backprojector pairs produced a ring artifact due to the uncertainty of the multiplexed projection. This artifact was subtle in the reconstructed image obtained using a hot-rod phantom, but more visible in the reconstructed image obtained using a cold-rod phantom. The ring artifacts exist even for unmatched projector/backprojector pairs for the cold-rod phantom in Fig. 13(f) . On the other hand, the reconstructed images obtained using well-chosen unmatched projector/backprojector pairs did not have this ring artifact, as shown in Fig. 13(h) . Figure 14 demonstrates the saggital views and rms error comparison of the reconstructed images obtained with coldrod phantoms in Figs. 13(e) through 13(h). The reconstructed image using the backprojector parameters of 0-mm intrinsic spatial resolution and 3-mm lead septa width demonstrated smaller relative rms error.
Discussion and Conclusion
A maximum likelihood-expectation maximization (ML-EM) algorithm incorporating an unmatched projector/backprojector pair is proposed for demultiplexing in multipinhole SPECT that use vertical lead septa. Ring artifacts caused by multiplexing secondary to detector blurring at septa boundaries are suppressed by the use of an unmatched backprojector. The results in this study indicate that the selection of an efficient unmatched projector/backprojector pair makes the demultiplexing algorithm generally acceptable without specifying weighted unmatched backprojectors and without constraining detector specifications. Additionally, backprojection time using the unmatched backprojector modeled, assuming a 0-mm intrinsic spatial resolution and 3-mm lead septa thickness, is improved by a factor of 8 compared to the use of the matched backprojector modeled assuming a 3-mm intrinsic spatial resolution and 1-mm lead septa thickness.
The degree of multiplexing between projection bins and different pinholes is affected by object size, pinhole placement, projection magnification, detector blurring, and acceptance angle. Although the use of multipinhole collimators with multiplexing dramatically increases system sensitivity, the related advantages and disadvantages are not completely understood. 23, 35 Moreover, image reconstruction time may be increased due to the slow convergence of iterative algorithms attempting to cope with the ambiguity of projection data.
The use of multiplexed projection data from different pinholes could result in ring artifacts in multipinhole SPECT reconstruction. This problem can be addressed in a number of ways. Nonmultiplexed projection data can be obtained by narrowing the acceptance angle through increasing the thickness of lead septa or by extending the length of pinholes. This approach, however, leads to substantial system sensitivity loss. It is also possible to reduce multiplexing artifacts by splitting the pinhole placement. 24 For example, zigzag-style pinholes can be used instead of square grid holes. However, the advantages of zigzag-style pinholes are quite limited, because ring artifacts are affected primarily by the horizontal locations of lead septa, but these locations are virtually identical in horizontal and vertical directions. It is possible to average out ring artifacts by shifting the collimator up or down, left or right, or forward or backward, relative to the center of rotation for each projection angle, which means that multiplexing does not occur at the same location for each projection angle. However, this approach is difficult to implement due to its mechanical complexity.
In this study, we propose an unmatched projector/backprojector pair to perform demultiplexing tasks in multipinhole SPECT. The proposed method, when used with a well-chosen unmatched backprojector, provides high quality images without multiplexing-related artifacts. Furthermore, the use of an unmatched projector/backprojector pair in iterative reconstruction algorithms can speed up the iterative process.
